Photoirradiation of a hexadecameric supramolecular G-quadruplex leads to a diastereoselective [2+2] cyclodimerization of half of its constituent subunits, which in turn shifts the equilibrium towards the formation of a precise heteromeric octamer.
moiety, thus ensuring the preservation of the critical m-carbonyl group. 6d,7a This leaves the hydroxyl groups on the ribose available for attaching functional elements such as hydrophilic groups, 6d fluorophores, 7b and dendrons. 6a,7c,7d
The 1 H NMR spectrum of 1, in the presence of KSCN (0.5 equiv), revealed a pair of peaks between 11-13 ppm corresponding to the two types of N1Hs characteristic of a D 4 symmetric 4T-SGQ or hexadecamer (Figure 2a) . The 2D NOESY spectrum also shows key signature cross peaks in the 7-13 ppm region, corresponding to the hydrogen bonded guanine moieties in the G-quadruplex core ( Figure S21 ). Electrospray ionization mass spectrometry (ESI-MS) provided further evidence for the formation of [1 16 •3K] 3+ by showing a peak at m/z 3471.8918 (Figure 2 ). These results show that the enhanced steric crowding in the periphery of 1 does not interfere with its self-assembly, underscoring the importance of the m-carbonyl group in directing the assembly of a 4T-SGQ.
Photoirradiation (30 min; 365 nm) of 1 in methanol (unfavourable conditions for selfassembly) resulted in a trans-cis isomerization with a photo-equilibrium of ca. 60% cis-1 as confirmed by UV-vis spectroscopy and 1 H NMR (Scheme 1; Figures S7-S10). 8, 9 In contrast, photoirradiation of 1 16 (20 min) lead to the disappearance of all the signature peaks with the concomitant broadening of the remaining visible signals (Figures 3 and S18 ). Initially it seemed as if the formation of cis-1 had induced the disassembly of 1 16 , 10 but a day later it became clear that this was not the case because the 1 H NMR spectrum revealed the emergence of a species with sharp signals, which became dominant after several more days. An interesting feature of this new species was the triple set of signals, which offered the first hint of an assembly with three tetrads or a 3T-SGQ (Figures 2b, 3) . The questioned remained, however, as to what type of 3T-SGQ was it.
The peak pattern of the NMR of the new species (Figures 2b and S19 ), 11 The reason why irradiation of 1 16 enables a [2+2] cycloaddition reaction is the increased proximity of four pairs of chalconyl double bonds in the supramolecule (Figure 3a) . 12, 13 The formation of a single diastereomer of 2, and the negligible formation of cis-1, are indicative of the kinetic stability, well-defined spatial orientation of the double bonds, and the relatively crowded environment within 1 16 . Molecular modeling studies suggest the stereochemistry around the cyclobutyl moiety in 2 is the so called delta-truxinate 14 due to the relative orientation of the olefins prior to the dimerization ( Figure S26 ). Minimization of the dimer by itself, followed by its superposition over the structure of 1 4 2 4 shows minimal deviations in the overall geometry of the subunits. (Figure S26 ) Those small deviations, however, are likely responsible for the reluctance of 2 to form a homomeric octamer due to its reduced flexibility relative to 1. The association of two different tetrads (1 4 +2 4 ) provides enough flexibility to accommodate the increased rigidity of subunits of 2.
After irradiation, many of the potential supramolecular states, including for example, the heteromeric dodecamer 1 8 2 4 or the homomeric octamer 2 8 , are not favoured. 15 This is likely a combination of the detrimental strain imposed by the cyclobutyl moiety combined with the putative entropic advantage of a heteromeric assembly over a homomeric one. More specifically, isolated dimer 2 (with 0.5 equiv KSCN in CD 3 CN) self-assembles with very poor fidelity leading to a complex mixture of assemblies ( Figure S24 ), yet, adding one equivalent of 1 leads to the relatively slow formation of 1 4 2 4 ( Figure S25 ). The many transient peaks observed right after the irradiation of 1 16 (Figure 2; Figures S18, S19) , and up until the new equilibrium is established, points to a rough energy landscape (thus, the relatively long equilibration process) containing multiple metastable assemblies (i.e., kinetic traps) where 1 4 2 4 represents a significantly deeper well to shift the equilibrium with high fidelity. 16 Not only is the proportion of subunits (1:1) precisely determined by the information encoded in the constituent subunits in 1 4 2 4 , but also the spatial distribution of such subunits, where tetramers 1 4 and 2 4 self-sort 17 at opposite sides of the supramolecule. The resulting symmetry can only result from a mixed assembly with a Janus type configuration (Figure 3b) . 18 In summary, the phenomenon described here goes as follows: (1) irradiation of monomer 1 leads to isomerization to cis-1; (2) irradiation of 1 16 leads to a [2+2] photo-cycloaddition of two subunits of 1 to form a covalent dimer 2; (3) the dimer still preserves some of the information for assembling, but it cannot self-assemble by itself into a well-defined discrete supramolecule. Instead, it self-sorts with subunits of 1 to form a heteromeric octamer 1 4 2 4 ; (4) formation of 2 does not abolish all assemblies because, although a homomeric assembly of dimer 2 is not viable, in combination with 1 the resulting system can fulfill a large number of non-covalent interactions (e.g., hydrogen bonds, π-π interactions), which would otherwise go unmet. The resulting heteromeric SGQ is structurally anisotropic along the assembly's main (C 4 ) axis (i.e., a Janus type supramolecule). The 4T-SGQ 1 16 is, to the best of our knowledge, the first example of a precise photoresponsive supramolecular assembly able to shift to an alternative precise supramolecule (1 4 2 4 ) . The synthesis of related derivatives containing functional elements (e.g., fluorophores, dendrons) will provide a platform for the development of molecularly precise multifunctional supramolecules for a wide variety of applications.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. a) Schematic depiction of the interconversion of various SGQs formed by 8ArG derivatives using external stimuli. The circles with a + sign represent a cation such as K+; the 2T-SGQ, 3T-SGQ, and 4T-SGQ are highlighted (respectively) in blue, green, and red. The dotted lines between T2 and T3 represent potential covalent bonds between subunits as is the case in the present work. The dark arrows represent achieved modes of transforming different types of SGQs (process ii highlighted in yellow is the subject of the current report), while the arrows in grey (ii', iii, iii') are unachieved transformations. b) Chemical and cartoon depictions of a generic 8ArG tetramer (e.g., 1 4 •K + ; X = chalconyl moiety and R = isobutyryl as shown in Scheme 1) indicating its two diastereomeric sides. The head is the side shown, which has a clockwise rotation (circular dashed arrows) around N1H to O6 hydrogen bonds.
Scheme 1.
Photoreaction products obtained by irradiating 8-chalconyl-2'-deoxyguanosine derivative 1 as a monomer or after its self-assembly into hexadecamer 1 16 •3K + . Irradiation of monomer 1 does not produce 2, as indicated by the crossed out arrow. Molecular models of (a) 1 16 and (b) 1 4 2 4 showing the spatial proximity of the reactive double bonds and the resulting cyclobutyl moiety, respectively (both highlighted in yellow). Adjacent double bonds from T1 are highlighted in green and due to their large separation the dimerization occurs exclusively between T2/T3 or T1/T4. c) 1 H NMR (500 MHz, DMSOd 6 , 298 K) of 1 4 2 4 sample. DMSO-d 6 effectively disrupts the assembly, allowing characterization of both 1 (magenta) and 2 (orange) as monomers. Peaks marked with asterisks correspond to cis-1 (~4%).
